Silicon carbide nanofiber and carbon nanotubes are introduced. The structure and application of nanotubers (nanofibers) in carbon/carbon composites are emphatically presented. Due to the unique structure of nanotubers (nanofibers), they can modify the microstructure of pyrocarbon and induce the deposition of pyrocarbon with high text in carbon/carbon composites. So the carbon/carbon composites modified by CNT/CNF have more excellent properties.
Introduction
Since the discovery of carbon nanotubes (CNT) by Japanese expert Iijima in 1991, the studies on CNT have been the frontier and hot in the field of new materials [1] [2] [3] . CNT has a large number of unique advantages, such as high aspect ratio, large surface area, excellent mechanical properties, and unique heat properties, so it is particularly suitable for the reinforcement of now composite materials [4, 5] .
Silicon carbide whisker (SiCW) and Silicon carbide nanofiber (SiCNF) are a new type of ceramic fiber, which can prepared by the similar method as that of CNT. Compared with CNT, SiCW/SiCNF has more excellent mechanical, heat, electricity properties, and better physicalchemical stability [6] [7] [8] . Therefore SiCW/SiCNF has become the candidate materials for toughening phase of composite materials.
A carbon/carbon (C/C) composite is the carbon fiber reinforced carbon matrix composite. Due to their low density, excellent mechanical and thermal properties, C/C composites have been widely used in aviation and space industries for rocket nozzles, missile nosetips, re-entry heatshields, nose and leading edges of space shuttle, brake discs for aeroplane, and so forth [9, 10] . Carbon fibers are the reinforcement of carbon/carbon (C/C) composites; the volume fraction of carbon fibers is less than 40%. The properties of C/C composites largely depend on the performance of carbon fibers and the bonding state between carbon fibers and carbon matrix [11, 12] . Carbon fibers belong to brittle materials and have low surface activity, so fiber surface modification is necessary to improve the performance of C/C composites. Due to the unique properties of nanotubes/nanofibers, fiber surface modification by CNT/SiCNF is a good research direction.
Structure and Preparation of CNT

Structure of CNT.
CNT is composed entirely of carbon atoms and it is a nanotube rolled up by singe or multilayer of graphene, as shown in Figure 1 [13] . According to the different crimp angle and diameter of graphenes, CNTs have different characteristics, including left rotation, right rotation and non rotation. The CNT rolled up by a single layer of graphene is single-walled carbon nanotubes and the CNT rolled up by several layers of graphene is multiwalled carbon nanotube. The diameter of CNT is about 1 ∼ 50 nm and the length is up to few microns [14, 15] . So CNT is considered as the a typical one-dimensional nanomaterial.
Preparation of CNT.
The main preparation methods of CNT are arc discharge, catalysis decomposition, laser evaporation, and plasma method [16] [17] [18] . The mature technology are the discharge of graphite arc and catalysis decomposition of hydrocarbons. The arc discharge method is the traditional method for CNT preparation. Under inert atmosphere at certain pressure, two graphite rods, a few millimeters apart, are used as anode and cathode, respectively. In strong current, arc discharge takes place between two graphite electrodes. The anode graphite is consumed continuously and the sediments including CNT, fullerene, graphite, and other forms of carbon deposit on the cathode graphite. Due to the simple test equipment, the arc discharge method is widely used by many researchers.
However, the CNT prepared by arc discharge method contains many impurities. Catalysis decomposition of hydrocarbons is a more promising method. This method is the decomposition of of hydrocarbons to generate free carbon atoms and then form the CNT, with Fe, Co, or Ni as catalyst. Due to the high purity, and the uniform size distribution of CNT produce by catalysis decomposition of hydrocarbons, this method has been widely used and has made great progress. On the other hand, continuous highvolume industrial productions of CNT with high quality and efficiency are studied positively. Xie si-sheng has created a new method which can obtain CNT array with uniform diameter (20 nm), 100 nm tube spacing, high purity and high density [19] . Chen changxin has developed pulsed laser ablation to prepare CNT. Zhu hongwei has realized the low-cost mass production of single-walled CNT by vertical floating catalyst method [20] .
Structure and Preparation of SiCW/SiCNF
Structure of SiCW/SiCNF.
SiCW is a kind of single crystal materials of short fibers with high orientation. SiCW has the diameter of nanometer to millimeter and has no grain boundary, few chemical impurities and structure defects, and big aspect ratio. The strength of SiCW is close to the binding force between atoms, so it is the material which has the closest strength with the theory strength of crystal, with high specific strength and specific elastic modulus [7] .
SiCNF is a new kind of ceramic fibers, which has superior properties and good compatibility with ceramic matrix, compared with carbon fibers. At the same time, SiCNF is an ideal kind of inorganic reinforcing fibers with constructure, stealth and heat-resistance in one [8] .
Preparation of SiCW/SiCNF.
SiCW is a kind of crystal of extreme anisotropy and it is a short fibrous crystal growing on 111 surface of SiC particle by catalyst. The methods to prepare SiCW are gas reaction and solid reaction [21, 22] . Gas reaction refers that carbonaceous gases react with silicon gases to synthesis SiCW and solid reaction refers that the mixture containing carbon and silicon synthesis SiCW by certain carrier gases. In the two methods, solid reaction is more economical and more suitable for industrial production. Solid method includes vapor-liquid-solid (VLS) mechanism and vapor-liquid (VL) mechanism. VLS is that liquid phase of carbon and silicon react by the catalysts of Fe, Ni, or NaF and then precipitate SiCW by supersaturation. VL is that vapor SiO and CO react get SiC which is the nucleation point to synthesis SiCW.
The main preparation methods of SiCNF are chemical vapor deposition (CVD), sintering of ultrafine powder, transformation of active carbon fiber, and transformation of organic precursor [23] . CVD and transformation of organic precursor have realized industrialization, but the SiCNF prepared by the two methods has big diameter, poor flexibility, and high cost. So the chemical vapor growth (CVG) has received lots of attention gradually. Wallenberger and his companion have prepared SiCNF with diameter of 30 ∼ 136 um by laser CVD under atmospheric pressure of 120 kPa [24] . Wang has prepared SiC nanowire with diameter of 20 nm ∼ 15 um and length larger than 10 um by the in situ CVG. Xie zhengfa has got SiCNF with high aspect ratio by CVG [25] .
Nanofiber Reinforced C/C Composites
Application of Nanofibers in C/C Composites. CNT/CNF
are typical one-directional nanomaterials, which have good mechanical properties, excellent conductivity, big surface area, high strength, and modulus [26, 27] . Recent studies show that thermal conductivity of ceramics and pyrocarbon has been enhanced significantly after being reinforced by CNTs [28] . It has been reported by the author that CNT/CNF can improve the bonding between pyrocarbon and carbon fibers of C/C composites, which induces the deposition of pyrocarbon with high texture during CVD, as shown in Figure 2 . CNT/CNF and pyrocarbon are all constituted by carbon, so the interface between them has good wettability. In situ grown CNT/CNF on the surface of carbon fibers can effectively remedy the anisotropy of preforms waved by carbon fibers. Therefore, CNT/CNF is expected to really improve the mechanical and thermal properties of C/C composites.
Due to the excellent properties of SiCW/SiCNF, they are widely used as the toughening phase in C/C composites. There is residual stress at the interface between SiCW/SiCNF and matrix for the different coefficients of thermal expansion between them. When the microcracks extent to the interface between SiCW/SiCNF and matrix due to the external forces, the tip stress of microcracks will be absorbed by the residual stress of interface, according to the investigation of the author's research team. So the existence of SiCW/SiCNF can prevent further expansion of microcracks and then toughen the composites by the method of bridge or crack deflection. In C/C composites, evenly dispersed SiCW/SiCNF have good match with carbon matrix. Due to the high temperature stability of SiCW/SiCNF, the composites reinforced by them can keep good mechanical properties up to 1273 K.
Adding Methods of Nanofibers in C/C Composites.
The main methods to add nanofibers to C/C composites are as follows.
(1) Impregnation (see [26] ). CNT/CNF are mixed with pitch or resin firstly. Then the carbon preform are impregnated in this pitch or resin, so CNT/CNF are added into C/C composites. However, CNT/CNF have large surface area and big surface energy which made CNT/CNF easy to reunite and difficult to disperse uniformly.
(2) Directional Growth (see [29] ). The directionally grown CNTs directly reinforce the pyrocarbon. This method is limited to prepare nanoscale materials.
(3) Situ Growth Method (see [30] ). CNT/CNF are in situ grown on the surface of carbon fibers in carbon preforms and then this preforms are densified to get C/C composites. In this method, CNT/CNF can grow uniformly on the surface of carbon fibers, so the uniform dispersion of CNT/CNF are solved and they work as a bridge between carbon fibers.
The Effect of Nanofibers on the Microstructure and Property of C/C Composites
The author and his group prepared CNT or SiCNF on the fiber surface of preforms by CCVD with electroplated Ni as catalyst. The CNT or SiCNF modified preforms were then densified by CVD. The effect of nanofibers on the microstructure and property of C/C composites were systematically studied. The in situ grown CNT or SiCNF have high degree of orientation, which increases the surface area and improves the surface activity of carbon fibers. The CNT or SiCNF on the fiber surface induces the interfacial layer of high texture during the deposition of pyrocarbon. Raman spectroscopy shows that the graphitization degree of pyrocarbon near carbon fibers are significantly improved. Therefore the thermal conductivity of C/C composites is significantly enhanced, especially in the direction perpendicular to fiber axis with the maximum increase of 80%. Due to the in situ grown CNT or SiCNF on the fiber surface, there is a good bridge between carbon fibers which improve the deposition mode of pyrocarbon and adjust the interfacial bonding between carbon fibers and pyrocarbon. On the other hand, the CNT or SiCNF on fiber surface have toughening effect which changes the fracture mode of C/C composites. Therefore the mechanical properties of composites are significantly enhanced. In author's studies, three-point bending method is used to compare the bending strength between C/C composites and modified C/C composites. Figure 3 shows the displacement-load curve of samples. In the direction of fiber axis, the bending strength is enhanced by 182% and the compressive strength is enhanced by 71%.
Conclusions
CNT/CNF are typical one-directional nanomaterials and have particular microstructure. SiCNF and CNT are the good adding phase in C/C composites which can modify the microstructure of pyrocarbon and induce the deposition of pyrocarbon with high text. So the C/C composites modified by CNT/CNF have more excellent properties.
